Abstract. Protein footprinting combined with mass spectrometry provides a method to study protein structures and interactions. To improve further current protein footprinting methods, we adapted the fast photochemical oxidation of proteins (FPOP) platform to utilize carbenes as the footprinting reagent. A Nd-YAG laser provides 355 nm laser for carbene generation in situ from photoleucine as the carbene precursor in a flow system with calmodulin as the test protein. Reversedphase liquid chromatography coupled with mass spectrometry is appropriate to analyze the modifications produced in this footprinting. By comparing the modification extent of apo and holo calmodulin on the peptide level, we can resolve different structural domains of the protein. Carbene footprinting in a flow system is promising.
Introduction N ew sources of structural information are needed to understand protein structure and function in complex biological milieu. New opportunities based on mass spectrometry are emerging to learn about structure; probing solvent-accessible area [1] , determining interfaces, and mapping epitopes are three of them. A common feature of these opportunities is that they can be studied by protein footprinting [2] [3] [4] . Furthermore, footprinting can follow fast folding in a dynamic process [5] and determine affinity as exemplified by PLIMSTEX [6] and SUPREX [7] .
In modification-based footprinting, protein conformation is probed by reactions with reactive species in solution to assess solvent exposure. The reactive species can be deuterium that replaces amide hydrogen atoms on a protein backbone, as in hydrogen deuterium exchange [8] . Alternatives are reactive species that form irreversible covalent bonds to modify amino acid side chains. Some of these covalent-labeling reagents target specific amino acids [9, 10] . Their reactions with targets are often slow, raising concerns that the labeling perturbs conformation. On the other hand, many free radicals react rapidly, even on the microsecond time scale, and with more generality, making them broader based for probing solvent accessibility and determining binding interfaces.
The hydroxyl radical is now a widely-used footprinting reagent [11] . In its most reliable format, it is generated via synchrotron radiolysis [12] or FPOP [13, 14] . The lifetime of HO• in FPOP is in the micro-second range, sufficiently fast to capture even fast protein unfolding. Although hydroxyl radicals can react with almost all amino acid side chains, with rate constants from 10 10 M -1
, Gln, Glu, Asp, Asn, Ala, and Gly are relatively Bsilent^in the FPOP platform under conditions where over-oxidation of reactive residues is prevented. Carbenes are an alternative to modify residues that are relatively unreactive with HO•. A convenient means of generating carbene radicals is photolysis of diazirine precursors. In addition to complementing the reactivity of HO• and other radicals, carbenes in solution react on the nanosecond time scale as determined by their rapid quench with solvent H 2 O [15] , even shorter than HO•. Richards et al. [16] appear to be the first to study the properties of the simplest carbene, methylene, as a footprinting reagent for proteins in solution with mass spectrometry analysis. Delfino et al. [17, 18] used achieve accurate detection of footprinting products and map solvent accessibility of proteins. Gas bubbling devices were used in their experiments to mix methylene gas with protein solutions, and reactions were initiated by a halogen/Hg lamp or a Hg/Xe arc source. Schriemer et al. [21, 22] used a more readily implemented carbene precursor, photoleucine, for protein footprinting with a pulsed 355 nm Nd-YAG laser to irradiate a sample droplet on glass. They demonstrated footprinting with a single laser shot but not in a flow system.
We report here the extension of the carbene footprinting strategy to a FPOP flow system. The principal advantage of the flow system is the ability to use many laser shots but with limited exposure per shot. After each laser shot, the induced footprinting reactions go to completion before the protein unfolds because unfolding usually requires a timescale longer than microseconds. By confining the reactions within a tiny spot, we are able to use laser pulses with relatively low energy to achieve good modification yields. To test the effectiveness of carbene labelling, we used calmodulin as the model protein with photoleucine as the carbene precursor.
Methods
Bovine calmodulin was purchased from Ocean Biologics (Seattle, WA, USA). Trypsin was obtained from Promega (Madison, WI, USA). Photoleucine was from Thermo Fisher Scientific (Waltham, MA, USA).
Apo and holo CaM samples were prepared by incubating 50 μM bovine calmodulin with 0.5 mM EGTA and 1 mM CaCl 2 , respectively. The protein solutions were diluted with tris buffer, and photoleucine was added to make a solution of 10 μM CaM (and 0.1 mM EGTA for apo, or 0.2 mM CaCl 2 for holo conditions), 100 mM photoleucine, 10 mM tris, 100 mM KCl, pH = 7.5.
The platform is identical to that reported in a recent FPOP study. The sample was introduced to a 150-μm i.d. capillary by a syringe pump and passed a laser window where it was irradiated by a frequency tripled Nd-YAG laser (355 nm) (Quanta-Ray, Model DCR-2A; Mountain View, CA, USA) (see Figure 1 for a diagram) . A flow rate (~15-20 μL/min) was calculated to ensure a 25% exclusion volume, based on laser spot size (~2 mm) and laser frequency (~6 Hz). The average laser energy was 7.5 mJ/pulse. The 50 μL sample solution was subjected to 900 to 1200 laser shots in total.
After labeling, an aliquot representing 0.3 μg of protein was analyzed by using a Bruker Maxis Q-TOF mass spectrometer (Billerica, MA, USA) under denaturing conditions to provide protein-level information. Another aliquot of 0.8 μg protein was incubated at 65°C for 90 min and then digested with trypsin at 37°C. The resulting peptides were separated by reversed-phase HPLC by an Eksigent NanoLC Ultra (Dublin, CA, USA) and introduced to a Thermo LTQ-FT mass spectrometer (Waltham, MA, USA) via nano-ESI. Peptide ions were fragmented by CID, and the m/z values of product ions were recorded. Unmodified and modified peptides were identified by Mascot (Matrix Science, Boston, MA, USA) and Byonic (Protein Metrics, San Carlos, CA, USA).
Results and Discussions
An advantage of the FPOP platform is that it is versatile and can utilize other reactive species (SO 4 -• [23] and I• [24] ) in addition to HO• for protein footprinting, providing opportunities to achieve new specificity and coverage. To test this prospect, we used our standard FPOP platform and submitted apo and holo CaM to laser photolysis of photoleucine to generate a carbene reagent. The only modifications of the platform are incorporation of a second laser (here a YAG) and a small change in the optical path to allow switching between the YAG and the standard KrF laser.
Significant photoleucine modifications (+115 Da) on apo and holo CaM occur upon laser irradiation in our flow system. Control experiments confirm that the modifications are not found without laser or without photoleucine present (data not shown). Overall, apo CaM shows higher modification extent than holo CaM (Figure 2 ). Crystal structures [25] and solution NMR [26] studies show that upon calcium binding, the binding regions of CaM that bind Ca 2+ become more protected, whereas the central linker becomes more solvent-accessible. In our experiment, the exposure of the linker region has less impact on the carbene modification extent at the global level than does the protection of the calcium binding regions.
A small difficulty occurs when the 355 nm YAG beam irradiates the flowing solution (Figure 1 ). We observed bubbles in the silica tubing at the laser spot. The N 2 production is largely unavoidable during carbene generation from a diazirine. Whereas reflection and diffraction by those bubbles may cause some concerns about the reproducibility of laser irradiation, the bubbles are always carried downstream with the solution flow (15-25 μL/min). By using a 25% exclusion volume, we insured that the solution in the laser window is always replenished and bubble-free for a new laser shot.
We calculated the modification extent of the tryptic peptides from mass spectral peak areas in extracted ion chromatograms of (Figure 3a) . To illustrate the differences between modification extent of apo and holo CaM, we calculated the [(holo-apo)/apo] signal intensity ratio as shown in Figure 3b . All four peptides that contain Ca 2+ binding sites show decreased modification upon Ca 2+ binding. Peptides that correspond to the central linker region from F65 to V91 show higher modification extent for holo CaM than for apo CaM. This is expected from structural studies on CaM by crystallography [25] , NMR [26] , and FPOP [27] . It adds confidence that carbene footprinting can provide reliable information on protein conformational change.
MS/MS experiments indicate the most favorable amino acid residues for photoleucine are Asp and Glu. We also found modifications of Arg, Tyr, Ser, and Thr with a false discovery rate < 10 -4 (see Supplemental Information). We are reluctant to quantify modification extents on the residue level because we are not yet certain that the extracted ion chromatograms are free of co-eluting species that have different modification sites on the same peptide. Nevertheless, the identified reaction sites are consistent with the chemical property of carbenes that they react more favorably with active hydrogens than with C-H bonds. This phenomenon can also be explained by a favored distribution of photoleucine around charged residues and limited diffusion during the short lifetime of carbenes [22] . This special property of photoleucine and related carbene sources makes them good candidates to map metal-binding regions. Furthermore, the results suggest that some carbenes are specific footprinting reagents, unlike what may be anticipated given their high reactivity in organic synthesis.
Compared to methylene, photoleucine has the advantages of good solubility in aqueous solution and feasibility for quantification. Photoleucine is commercially available, whereas methylene is usually synthesized just before using owing to inconvenience of storage and transport. The polar groups on photoleucine may introduce bias, however, towards charged residues, especially carboxylate groups. Furthermore, the amine group on photoleucine introduces an extra charge on the modified peptide, requiring more effort for peptide identification and data analysis. Unlike for OH radicals, the reaction rates between carbene radicals and amino acid side chains are not well known. The structures of modified side chains also need to be investigated.
Conclusions
Carbenes, which have been traditionally used for organic synthesis and have high reactivity towards various X-H bonds and double bonds, are becoming of interest in protein footprinting. When used on the FPOP flow platform, additional method development can readily be explored. Even though carbenes are highly reactive and might produce excessively complex footprints, the footprints are tractable. Moreover, carbenes can be conveniently generated by photolysis of diazirines, where the reactive site can be located in a controlled way, and reactivity can be tailored, as demonstrated by Schriemer and coworkers [21, 22] . No other reactive species are produced in carbene reactions. Using diazirines of various structures, we can increase the versatility of carbene footprinting to accomplish different goals (e.g., footprint membrane regions using membraneseeking precursors). This approach is complementary to hydroxyl and other radical footprinting, especially for the protein regions that are FPOP Bsilent^and should conveniently enhance the scope of MS-based footprinting with an FPOP platform.
